Significant changes in amplitude and frequency characteristics were observed in the magnetotelluric (MT) time series recorded during Bhuj earthquake (∼7.6 M w ), at a site ∼350 km from the epicenter. The telluric and magnetic signals recorded in the frequency range (10 −1 -10 1 Hz) of MT spectrum show considerable variations in their spectral characteristics during the earthquake event compared to the data recorded before and after the earthquake. The spectral analysis brings out sharp changes in amplitude of low-frequency signals during the earthquake as compared to the typical flat spectrum observed before and after the earthquake. The wavelet analysis of the electric and magnetic field data reveals two different spectral regimes; (1) the flat spectrum related to the natural MT signals, and (2) localized, high amplitude signals (in time and frequency) related to the onset of main shock. Three more high amplitude events are noted in the wavelet spectrum, after the main shock event, and can be speculated to be associated with the after-shock events. The MT impedance estimates clearly show scattered apparent resistivity and phase values during the earthquake suggesting that the high amplitude electric and magnetic signals were not related by an MT transfer function. The MT impedance estimates made before and after the earthquake are strikingly normal and smooth. The Pearson's correlation coefficients between the orthogonal electric and magnetic fields show a drastic drop for the data measured during earthquake, while the MT fields recorded before and after the earthquake are well correlated. The observed MT signals during the seismic activity do not show any external geomagnetic origin and may be attributed to co-seismic EM phenomena. The probable mechanisms responsible for the co-seismic EM phenomena could be electro-kinetic and seismic dynamo effects.
Introduction
Anomalous electromagnetic signals associated with seismic activity has been reported extensively over a wide frequency range of few MHz to ultra low frequency (Hattori et al., 2006 and references therein) . These electromagnetic signals may be precursory (prior to earthquake) or co-seismic (coincident with earthquakes). The observation and analysis of these earthquake associated EM phenomena is being used for seismic prediction and to understand the subsurface physical mechanism related with the EM phenomenon. EM signals associated with seismic activities have been studied using ground and satellite based observations. The ground based observations include the monitoring of electric field variations (e.g. Nagao et al., 2000; Fujinawa et al., 2001; Enomoto et al., 2006; Singh et al., 2006; Widarto et al., 2009) or magnetic fields (e.g. Nagao et al., 2002; Hattori et al., 2006) or in combination (e.g. Honkura et al., 2000 Honkura et al., , 2004 Zlotnicki et al., 2001; Karakelian et al., 2002) . More recently, ground based EM studies combined with satellite EM monitoring approach is used to study the EM phenomena related to volcanic eruptions and earthquakes (Zlotnicki et al., 2006) .
The Kutch region, being considered as a part of the stable continental region, experienced the most disastrous earthquake in India's recent history on 26th January 2001 earthquake. The epicenter location of this 7.6 M w earthquake was located at 23.36 • N, 70.34
• E, 60 km east of Bhuj and estimated a focal depth of 22 km by U.S. Geological Survey (USGS). The event, with origin time of 03:16:40.7 UT, caused a death of at least 20,000 people and injured more than 200,000. It destroyed about 400,000 houses and twice as many damaged. This devastating 26th January 2001 Bhuj earthquake provided an accidental opportunity to observe anomalous EM signals in magnetotelluric (MT) measurement conducted at a location ∼350 km away from the epicenter (Fig. 1) . In this study, we discuss the analysis of the MT time series acquired prior, during and after the 7.6 M w Bhuj earthquake.
Magnetotelluric (MT) Observations
The observation point (MT recording site) is located in the Deccan volcanic province of western India, just south to the Narmada river (Fig. 1) . The site was relatively free from cultural electromagnetic noises. The data were acquired as a part of an MT campaign for hydrocarbon exploration in Cambay and Narmada basins (Harinarayana et al., 2004) . Five component MT time series (three orthog- onal magnetic field and two horizontal electric field variations) measurements were made at each sounding locations using the wide-band MT data acquisition system (GMS 05) of M/s Metronix, Germany. The operational frequency range of GMS 05 is (4,096 s) −1 to 8,192 Hz. The total frequency range of the system is split into five bands: (1) 256-8192 Hz; (2) 8-256 Hz; (3) 4 −1 -8 Hz; (4) 128 −1 -4 −1 Hz; and (5) 4096 −1 -128 −1 Hz (by digital filtering of band 4). Also, the GMS 05 system enables the recording of a single band at a time. Electric dipoles of 80 m length with CdCdCl 2 electrodes were used to measure the two horizontal electric field variations (geomagnetic north-south (E x ) and east-west (E y ) components) and induction coils were used to record the three magnetic field (two horizontal-H x (geomagnetic north-south) and H y (geomagnetic eastwest); and one vertical-H z ) components). The recording in the 10 −1 -10 1 Hz (Band 3) range started at 8:14 IST (2:44:00 UT) and continued till 9:39 IST (4:09:00 UT) with 32 Hz sampling rate. The Bhuj earthquake (origin time 3:16:40.7 UT) occurred during this recording. In this paper, we present the analysis of the MT data measured during this period. For convenience, we define 1024 data samples as a 'stack'. The total volume of data recorded is 160×1024 (i.e. 160 stacks) in each of the five channels. This data set form the basis of the analysis described in this paper.
The amplitude of natural EM signal in the frequency range 10 −1 -10 1 Hz rarely exceeds 0.050 mV/km for electric components and 0.020 nT for magnetic components; and look random in nature. This is because the natural EM waves have least energy in this period range (Simpson and Bahr, 2005) . Figure 2 present the complete record of the time series. It clearly shows the increase in signal amplitudes, both in the electric and magnetic components, near 3:18:10 UT. The high amplitude signals last nearly 200 seconds. The time series in all the five channels shows that these high amplitude signals start soon after the earthquake origin time (EOT) with an approximate time delay of 100 s. The figure also shows a few high amplitude spikes in the electric and magnetic fields after the earthquake. In addition, it is also evident from the figure that (1) change in signal amplitude is more in electric channels (2) Hz is more affected among the magnetic signals, and (3) maximum electric field amplitude reaches up to ±1.5 mV/km and magnetic field amplitude reaches up to ±1 nT.
A close look of the time series, as presented in Fig. 3 , shows three segments (each with 1024 data points) of the data set representing EM signals prior ( Fig. 3(a) ), during (Fig. 3(b) ) and after ( Fig. 3(c) ) the seismic event. The time series prior and after the earthquake event show similar variations, and is within the normal amplitude range observed for this frequency range. In contrast, the MT signals recorded during the seismic event ( Fig. 3(b) ) show distinct changes in signal amplitude and sinusoidal fluctuations dominates the five components. These co-seismic signals begin about 100 s after the main shock. It can also be observed that the electric fields during the earthquake are not showing similar behavior. This may support the argument that the anomalous behavior in the electric field is not merely due to vibration of the electric field sensors and cables. The amplitudes of the electric field components reaches up to ±1 mV/km; while the magnetic components reaches up to ±0.5 nT, during the seismic activity.
Spectral Characteristics of the MT Time Series
We present the amplitude spectra of the electric and magnetic fields from segments of time series before; during and after the earthquake (Fig. 4) . We removed the whole data windows affected by spikes. A spike is defined maximum 3 adjacent data points with large amplitudes as compared a 100 point running mean. The amplitude spectra show the typical flat natural spectrum, usually observed in MT signals in the frequency range 0.1 Hz to 10 Hz, before and after the earthquake in electric as well as in magnetic field data. The signals during the earthquake show a drastic change in spectral amplitudes of two electric field components and magnetic fields. The electric field show two orders higher spectral amplitude values for the signals during the earthquake, as compared to the signals observed prior and after the event (Fig. 4(a) ). The magnetic spectra, on the other hand, shows three times increase during the earthquake signal (Fig. 4(b) ). The amplitude spectra of the field components measured during the earthquake peaks around 0.4 Hz (2.5 s). However, the FFT based analysis is not suitable to bring out the temporal changes in frequency content of the signal.
Wavelet Analysis of the Data
Wavelet transform (c.f. Kumar and Foufoula-Georgiou, 1997) is a powerful tool to analyze the time series data with temporal variations in frequency. Wavelet analysis can reveal the characteristic of a signal as a function of time and frequency hence is superior to Fourier analysis (Lin et al., 2002) . The Continuous Wavelet Transform (CWT) of a signal x(t) is defined as:
where a is called dilation parameter (scale lengths) which controls the frequency of the wavelet and b is the translation parameter which controls the movement of the wavelet along the time axis. The function ψ denotes the mother wavelet. We use fourth order Gaussian mother wavelets for the analysis. It is defined as,
(where n = 4). Here C n is a constant to normalize the function ψ so that it has unit energy. Gaussian wavelet gives the most accurate estimation of frequency components localized in time (Cohen and Kovacevic, 1996) . The Gaussian mother wavelet is plotted in Fig. 5 . We obtained wavelet power spectral estimates using scale lengths (a) 160 to 1, corresponding to the frequency range 0.1-16 Hz. Plots of the wavelet spectra, for the entire records of electric and magnetic channels are shown in Fig. 6 . The wavelet spectra clearly show two distinct spectral regimes for the MT signals. The signals observed before the onset of the main shock shows the natural MT flat spectrum. The sharp rise in the spectral amplitudes, across all the frequency range, starting around 3: 18:10 UT (marked A) marks the signal related to the earthquake. This is observed both in electric and magnetic channels. With the progress of time, the energy gets limited to the frequency band 2-0.4 Hz. The extension of these co-seismic signals is seen up to 3:32 UT. The presence of three more events of similar spectral characteristics (marked as B, C and D in Fig. 6 ) occurring after the main shock is also notable. This is more evident in the vertical magnetic field (H z ) channel. The B region, near 3:35 UT, has clearly signal energy spread throughout the frequency range whereas in the C and D regions the signal is limited to a narrow band (2-10 Hz). The Bhuj area recorded many after shock events and the after shock events occurred during the recording period of our data set are shown in the bottom panel of the Fig. 6 . It is seen that the majority of the aftershock activities show correlation with the enhanced spectra (B, C and D) in the wavelet spectrum. Hence, it can be speculated that the enhanced spectra (segments B, C, and D) observed are associated with the after shock events. However, the second after shock event (3:43 UT) did not produce any clear EM signatures in the data and we are unable to explain this observation. It may be concluded that wavelet analysis has brought out temporal as well as frequency variations in the EM signals related to earthquake. In addition, the weak signals, probably related to the aftershock events, also could be seen in the wavelet spectrum. 
MT Impedances
The simultaneous measurement of the five component MT signals facilitates the calculation of MT impedance values. The MT apparent resistivity and phase estimates from the time series segment measured during the earthquake event is compared with the estimates made from time series not affected with the co-seismic signal (Fig. 7) . We did not use any noise elimination procedures for processing the data. The MT impedance values, shown as apparent resistivity and phase data, computed using the data during the earthquake are scattered. The MT parameters (apparent resistivity and phase) estimated before and after the event shows no major differences between them and indicate smoother curves suggesting that the during the pre and post earthquake period, the electric and magnetic fields were related through an MT transfer function. However, this relation breaks down during the earthquake.
We have also studied the Pearson's correlation coefficients (Molyneux and Schmitt, 1999) between the observed electric and magnetic fields. Pearson's correlation reflects the degree of linear relationship between two variables. It is calculated as,
where, X and Y indicate the means of the variable X and Y , and S x and S y are their standard deviations. It ranges from +1 to −1. A correlation value of +1 means a perfect positive linear relationship between the variables.
The correlation coefficients between the orthogonal electric and magnetic fields (i.e., E x -H y and E y -H x ) show drastic drop in correlation for the data measured during earthquake, while the MT fields are well correlated before and after the earthquake as indicated by high correlation coefficient (Fig. 8) . Hence, the much poor impedance estimation during the earthquake indicates that the high amplitude signals are not related to each other by MT transfer function. This strengthens the argument that the high amplitude electric and magnetic signals present during the earthquake are not natural MT signals. 
Discussion on the Observed Co-seismic Phenomena
The MT mid frequency range (10 −1 -10 1 Hz) signals recorded ∼350 km away from the epicenter region of Bhuj earthquake clearly describes the existence of co-seismic EM events in all the telluric and magnetic measurements. The spectral analysis and wavelet analysis of the data show anomalous electric and magnetic signals during the earthquake time. The MT impedance values and the correlation coefficients between the orthogonal electric and magnetic fields suggest that the MT time series recorded during the earthquake are not related to each other through a transfer function. Egbert and Booker (1986) discuss the effect of geomagnetic storms that can give rise to high amplitude signals in MT recording as observed in our case and can contaminate the MT data resulting in a poor MT transfer functions estimation. To make sure that the observed anomalous signals during the earthquake as co-seismic EM signals, we looked for external disturbances of magnetospheric origin for these signals. The planetary index for the geomagnetic activity level (K p index) had a value of 2 (indicating rather quiet geomagnetic activity) for the three hours preceding the Bhuj event. In addition, the closest geomagnetic observatory at Alibagh, about 325 km south to our MT observation site (∼600 km south-east from epicenter), does not show any anomalous signals during the Bhuj earthquake. Hence the possibility of external origin for the anomalous MT signals can be eliminated and the observed variations in the electric and magnetic field during the earthquake could be associated with the seismic activity. Such co-seismic electric and magnetic signals have been observed during many earthquakes (e.g. Honkura et al., 2000; Nagao et al., 2000; Karakelian et al., 2002; Matsushima et al., 2002; Zlotnicki et al., 2006) and our results corroborates with it.
The phenomena of electric and magnetic signals associated with seismic activity have been previously reported and analyzed (e.g. Hayakawa et al., 1996; Honkura et al., 2000; Nagao et al., 2000 Nagao et al., , 2002 Enomoto et al., 2006; Hattori et al., 2006; Zlotnicki et al., 2006) . These EM signals, observed well before and during (co-seismic) an earthquake, spread over ULF, ELF and VLF frequency ranges. The case studies have shown co-seismic ULF (10 1 -10 −2 Hz) signals recorded at distance of ∼150 km from the epicenter (Zlotnicki et al., 2006) . In the present study, co-seismic EM signals are recorded on all the components of the electric and magnetic fields, and they appear ∼100 s after the earthquake origin time. It is unlikely that these anomalous co-seismic signals being electromagnetic impulses radiated from the earthquake source, since the EM signals get diffused within few kilometers (Fujinawa et al., 2001) . The study region, encompassing our observation site and the earthquake location, is characterized by major Mesozoic rift zones (i.e. Narmada and Cambay rift zone) and several major neotectonic faults (Fig. 1) . Mesozoic sediments were uplifted, folded, intruded and covered by Deccan Trap basaltic flows in Late Cretaceous and early Paleocene time (Biswas, 1987) . Thick sediment formations ranging in age from Middle Jurassic to present are also inferred in these rift zones. The study of seismic wave velocities in the Bhuj earthquake area have shown fractured rock matrix with fluids in the hypocentral region (23-28 km) and suggested a fluid driven earthquake similar to 1995 Kobe earthquake (Mishra and Zhao, 2003) which also observed co-seismic electromagnetic changes (Nagao et al., 2002) . Magnetotelluric studies in this region delineated major electrically conductive regions in the crust (Gokarn et al., 2001; Patro et al., 2005; Sastry et al., 2008) . The conductive crust will not allow the EM signals (10 −1 -10 1 Hz) to travel from earthquake epicenter to MT observation site located at ∼350 km. Hence it is reasonable to conclude that the anomalous high amplitude EM signals recorded are not the direct radiations from the earthquake source and are generated in the vicinity of the station with the arrival of seismic waves (e.g. Nagao et al., 2000; Karakelian et al., 2002) .
Various mechanisms are proposed for the generation of the anomalous EM fields associated with the earthquake process (Johnston, 1997; Ogawa and Utada, 2000; Guglielmi et al., 2004) . Most of these are based on the drastic stress changes associated with the earthquake process and the resulting crustal phenomena. Prominent generation mechanisms proposed to explain the co-seismic EM signals are based on electrokinetic effect (Zlotnicki and Le Mouel, 1990; Fenoglio et al., 1995; Nagao et al., 2000) and seismic dynamo effect (Honkura et al., 2000 (Honkura et al., , 2002 .
The MT sounding data obtained at the observation site is analyzed and modeled to understand the subsurface resistivity structure. One-dimensional geo-electric model is derived by inverting the invariant determinant impedance values (Ranganayaki, 1984) in the 10 −3 -500 s range, using Marquardt (1963) approach. Figure 9 shows the layered resistivity model and the model response fit with the observed impedance values. The model shows a conductive (2-10 Ohm.m) layers on the top with about 2.3 km thickness. A relatively resistive (55 Ohm.m) layer having ∼800 m thickness underlies the top conductive layers. Another 5 Ohm.m conductive layer is present below the above resistive layer and shows a thickness of 1.6 km. This conductive layer sits on a high resistive (1400 Ohm.m) formation of about 5.2 km thickness. Underneath this high resistive layer, high conductive layer is modeled. However, this deeper part of model is not highly sensitive to the data and hence not well resolved. The top conductive layers observed in the model represent the thick tertiary formations in the area. The moderately resistive layer could be the image of fractured basaltic layer covering the area. The conductive formations underneath this basaltic layer can be interpreted as the Mesozoic sedimentary formations. The high resistive gneissic basement rocks underlie this Mesozoic formation. This model is well correlated with the known geology of the region (Biswas, 1987) . The region is well known for its hydrocarbon resources and many producing wells are located in the Cambay basin (Negi et al., 2006) . Drilled boreholes in the regions have shown tertiary sediment thicknesses up to 2.5 km. In short, the MT model also shows thick tertiary sediments and trap covered Mesozoic formations at the observation site. The presence of fractured, fluid filled tectonic structures in the vicinity of the MT site and sedimentary formations under the observation site are favorable conditions to produce co-seismic electromagnetic signals by electro-kinetic mechanism.
Co-seismic electric and magnetic fields can be generated by seismic dynamo effect associated with the passage of seismic waves (Honkura et al., 2002) . Seismic dynamo effect is the EM induction in the conducting earth caused by ground vibration in the static magnetic field of the earth. Such a mechanism has been projected for the anomalous coseismic EM signals observed during earthquakes (Honkura et al., 2000 (Honkura et al., , 2002 Matsushima et al., 2002; Ujihara et al., 2004) . EM field generation is also possible due to the vibration of the cables and sensors during the passage of seismic waves. Experimental studies made by and Mogi et al. (2000) have shown that the coseismic EM cannot be fully accounted for by the shaking effect of cables and sensors. We therefore prefer to exclude the possibility of co-seismic EM changes caused merely due to the vibration of connecting cables and sensors in the Earth's magnetic field. Similar opinion is made by Nagao et al. (2000) who analyzed the co-seismic electric field variations observed in Japan.
It is difficult to attribute a single mechanism for the cause of co-seismic EM signals observed in the MT records. However, the results confirm the fact that electromagnetic fields are generated in the subsurface during the passage of seismic wave. The apparent resistivity and phase values calculated shows that the measured MT parameters prior and after the main event are similar and suggest that no substantial subsurface conductivity changes at the observation point due to the seismic activity. The correlation between the prominent wavelet signatures and the aftershock activity suggest that EM field variations can be produced at long distance by aftershock events.
Conclusions
We present the analysis of the electric and magnetic fields measured during the high magnitude (M w 7.6) Bhuj earthquake of 26 January 2001. The analysis brought out the time-frequency characteristics of the anomalous EM signals observed both in electric and magnetic field during the earthquake. The spectral amplitude of the electric fields show two orders higher than the signals observed prior and after the event; while magnetic fields show three times increase in spectral power. The wavelet analysis brought out the time-frequency characteristics of the electromagnetic signals related to the seismic activity. The existence of signals with similar frequency characteristics, probably related to the weaker after shock events, was also brought by wavelet spectra. It is also seen that the anomalous electric and magnetic fields are not related to each other through an MT transfer function in contrast to the signals recorded prior and after the earthquake. Absence of any geomagnetic storm activity during the earthquake time excludes the possibility of external origin for the anomalous EM signals. The geological and tectonic elements in the region suggest favorable conditions for the generation of co-seismic EM signals due to electro-kinetic effects and seismic dynamo effect by the seismic waves. We would like to conclude that both electro-kinetic and seismic dynamo effects could be the generation mechanisms for the observed co-seismic electromagnetic field variations in the study.
